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Abstract
The βNMR (β-detected nuclear magnetic resonance) facil-

ity at TRIUMF offers the possibility of depth-resolved prob-
ing of the Meissner state over the first 100 nm below a sample
surface. The measurement can give the attenuation of the
applied magnetic field, as a function of depth. The technique
can be especially important when probing layered systems
like the dirty/clean S-S (superconductor-superconductor) bi-
layer and S-I-S (Superconductor-Insulator-Superconductor)
structures. The TRIUMF SRF (Superconducting RF) group
has recently completed first measurements at beta-NMR on
Nb samples with various treatments. The results and method
will be reported.

MOTIVATIONS FOR βNMR SRF STUDIES
Superconducting RF (SRF) cavity performance, character-

ized by the 𝑄0 (intrinsic quality factor) vs. 𝐸𝑎𝑐𝑐 (accelerating
gradient) curve, is fundamentally limited by superconduct-
ing quench at high RF magnetic fields where the SRF cavity
undergoes transition from the Meissner state to the highly
dissipative vortex state. In the Meissner state, magnetic
fields are screened within the so-called London layer, and
therefore RF dissipation is contained only within a tens of
nm from the inner SRF cavity surface. As the fields are
increased, however, the surface barrier to magnetic flux pen-
etration can be overcome and the magnetic flux penetrates
into the bulk of the SRF cavities, which quenches the super-
conductivity due to high dissipation from rapidly oscillating
flux vortices in the RF fields. In Niobium (Nb), the theoreti-
cal limiting RF magnetic field for an ideal surface is on the
order of the superheating field, 𝜇0𝐻𝑠ℎ ∼240 mT at 0 K [1].
In the presence of surface defects, however, the limiting field
is reduced towards the lower superconducting critical field,
𝜇0𝐻𝑐1 (∼174 mT at 0 K [2]).
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In practice, the 𝑄0 vs. 𝐸𝑎𝑐𝑐 degrades at much lower fields
due to a phenomenon called the Q-slope. The complete
picture of the Q-slope is not yet fully understood but it is
clearly related to the detailed material properties in the vicin-
ity of the surface. Practical remedies have been developed
in the form of low/medium temperature heat treatment (e.g.,
120 °C bake which cures the high-field Q-slope). Various
impurity doping recipes (e.g., nitrogen doping [3] and in-
fusion [4]) have also been developed in the production of
high-performance SRF cavities. A novel approach using thin
film coating of higher 𝐻𝑐 superconductors on Nb cavities for
bilayer S-S (superconductor-superconductor) [5] and multi-
layer S-I-S (superconductor-insulator-supeconductor) [6] on
Nb SRF cavities have also been proposed to further increase
the limiting field beyond that of bulk Nb, as well as providing
additional barriers to flux penetration at much higher fields.

Various surface studies of SRF cavity cut-outs and SRF
Nb samples have elucidated the important role of the nm
RF surface. The aforementioned heat treatment and impu-
rity doping recipes have been shown to alter the impurity
concentration profile near the surface, but a direct correla-
tion on how they affect the Meissner state at high magnetic
fields is not fully understood (though a detailed theoretical
framework has been proposed [7]). An ideal characteri-
zation technique would allow for a direct measure of the
magnetic field screening in the Meissner state in a the depth-
resolved manner within the nm London layer, especially
at high-parallel magnetic fields (fields parallel to the sam-
ple surface). The depth-resolved capabilities would allow
a better understanding of how to engineer surface impurity
concentrations via various heat-treatment/doping recipes
in order to obtain custom SRF performance. The parallel
magnetic field configuration is usually used to simulate the
orientation of rf magnetic fields in SRF cavities.

A powerful technique to measure the local magnetic field
is by implanting spin-polarized probes which interact with
local electromagnetic fields inside a host material, wherein
the local field is quantified by monitoring the time evolution
of the probe’s nuclear spin polarization. TRIUMF host two
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facilities for this purpose: one for muon spin resonance
(𝜇SR) facility and another for βNMR facility [8].

The muon beam at TRIUMF is delivered at relatively
high energy and therefore is implanted deep into the bulk of
Nb samples (�150 µm, much deeper than the London layer).
Depth-resolved surface and interface studies at TRIUMF can
be done at the βNMR facility, which utilizes spin-polarized
radioactive nuclei rather than the muon [9, 10]. The method
is thus complimentary to the LE-𝜇SR technique used at
the Paul-Scherrer-Institute [11], but the latter is limited to
parallel magnetic field parallel of 30 mT due to the strong
deflection of the much lower magnetic rigidity of the low-
energy muons.

To date, no facility is available to perform nm-scale depth-
resolved local magnetic field measurements on SRF samples
at high applied parallel fields. Delivering spin-polarized
beam at higher fields is much easier using heavier ions, but
requires a high-intensity radioactive (ion) beam facility such
as the TRIUMF ISAC (Isotope Separator and Accelerator)
facility [12]. This is the underlying motivation of develop-
ing the high-parallel-field spectrometer at TRIUMF βNMR
facility.

OVERVIEW OF βNMR FACILITY
The principle of βNMR technique is to implant spin-

polarized radioactive ion beam into samples, and to pro-
vide a measure of the local (magnetic) field by monitoring
the time evolution of the probes’ spin via its (asymmetric)
β-decay [9, 10]. In order to achieve this, accelerated ra-
dioactive ion beam (such as the routinely used 8Li+) are
first produced and delivered by the TRIUMF ISAC accel-
erator complex [12], the beam is then spin-polarized using
co-linear laser pumping scheme, capable of achieving up to
∼70% spin polarization [13], and finally implanted into the
sample.

The beam can be semi-simultaneously delivered to the two
spectrometers, high-perpendicular-field (field perpendicular
to sample surface) and the low-parallel-field (field parallel to
sample surface) spectrometer as shown in Fig. 1 [9,10]. Only

the parallel-field spectrometer, however, is suitable for the
SRF studies. The low-parallel-field spectrometer is limited
up to 24 mT. Currently, a high-parallel-field spectrometer
has been installed by extending the existing low-parallel-
field spectrometer beamline. The details are discussed in
the later section of this paper.

The implantation energy of the beam is controlled via
a high-voltage decelerator electrode mounted in front of
the sample, thereby allowing low-energy implantation of
the probes and a tunable implantation depth. This feature
is essential in studying the magnetic field screening in the
Meissner state of SRF samples. The magnetic field is applied
parallel to the sample surface at the low-parallel-field spec-
trometer and therefore is suitable to simulate the magnetic
field in SRF cavities.

The photo on the left of Fig. 2 shows the low-parallel-
field spectrometer with the detector window removed. The
directions of the beam, spin polarization, applied magnetic
field, and detectors (plastic scintillators) configuration are
shown in both the cross-section view and isometric view
schematics at the top and bottom right of Fig. 2, respectively.
This is the spectrometer used to obtain the first results of
βNMR at low-field (up to 24 mT) in Nb SRF samples as
further explained in the next section.

METHOD DEVELOPMENTS

Sample Preparation
Studies of SRF samples using muons have been done

since 2010 at TRIUMF [14–16]. These studies resulted in
the development of ellipsoid samples in order to measure the
intrinsic field of the first vortex penetration in SRF samples
undergoing different surface & heat treatments without geo-
metric edge effect [17]. Annealing at 1400 °C has also been
found to remove all pinning effects and is therefore used
as a baseline for all the samples before undergoing further
heat treatment / impurity doping [15]. Small Nb ellipsoids
(measured at 10 mm× 4 mm on its major and minor axis,
respectively) and custom sample holders have been prepared

Figure 1: Schematics of the βNMR facility with radioactive beam delivered by TRIUMF ISAC facility. The spectrometer
suited for the study of SRF samples are highlighted with the dashed box (adapted from [9]).
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Figure 2: Left: Low-parallel-field spectrometer with detector and detector windows removed (courtesy of G.D.Morris).
Right: Schematics of the beam momentum, spin polarization, magnetic field, and detectors configuration (adapted from [9]).

Figure 3: Sample ladder insert with two Nb SRF samples
mounted on the second and third positions. Up to three
samples can be mounted in a single load while one ladder
spot is reseved for sapphire used to image and tune the beam
position on sample. Shown in the right is the sample major
and minor axes measured at ∼10 mm and 4 mm, respectively,
and its scale comparison with a Canadian looney (1$ coin).

to fit the sample ladder (shown in Fig. 3) which is inserted
vertically into the cryostat via load-lock chamber.

Measurement Principles
In order to obtain the screened magnetic field profile,

another important feature of this technique is the strong
dependence of the spin-lattice relaxation rate with applied
magnetic field. The relaxation rate is extracted from the fit
of the asymmetry signal (shown in Fig. 4) using bfit pack-
age [18]. The sensitivity to local field is sensed primarily
through the dipole-dipole coupling to the host 93Nb nuclei
with a phenomenological Lorentzian field dependence model
of the relaxation rate. This method has been demonstrated
in the measurement of London penetration depth in super-
conducting NbSe2 [19] and is used for measurements in Nb
SRF samples.

The radioactive beam (8Li+) is implanted into the sample
and its spin polarization, observed via its beta-decay asym-
metry, relaxes to a (thermal) equilibrium value in the sample
(essentially zero). The rate of this relaxation depends on
the time-averaged local magnetic field in the vicinity of the
probe and therefore a measurement of the relaxation rate
can be correlated with the measurement of the local mag-
netic field. This magnetic field sensitivity is demonstrated
in Fig. 4 at 4 K near the surface where the field is of the
same magnitude to the applied field with minimal Meissner
screening.

A crucial component of obtaining the magnetic field pro-
file is finding the relation between beam energy and the im-
plantation profile. This relation can be predicted accurately
with Monte-Carlo simulation of 8Li+ ions in Nb using SRIM
code [20]. This method is similarly done for LE-𝜇SR [11].
Smoothed implantation field profile is shown in Fig. 5 where
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Figure 4: Relaxation of the asymmetry signal, proportional
to the spin-polarization of the probes, is sensitive the local
field at the probe implantation site. The pronounced kink
is due to the 1 second beam pulse which is accounted for
in the relaxation function fits shown. The measurement is
performed at 4 K and 4 keV implantation energy. Shown
here is the increase of the relaxation rate with decreasing
applied fields.

at 20 keV, the range of the implanted 8Li+ ions in Nb is
∼150 nm, within the length scale of interest for SRF studies.

Figure 5: Implantation profiles obtained from Monte-Carlo
simulation of 8Li+ ions in Nb at different beam energies [20].

FIRST RESULTS ON SRF SAMPLES

Field Profile via Depth Scans
Using both the information of implantation profile and

field dependent relaxation rate, the local field vs. mean
depth can be obtained. Three samples: baseline Nb, 120 °C-
baked Nb, and 75/120 °C two-step-baked Nb [21], have
been extensively characterized and the result is summarized
in Fig. 6. The field value is normalized to the value at the
unscreened dead layer. The field profile shows less screening
in 120 °C-baked Nb sample compared to the baseline Nb
sample, consistent with the LE-𝜇SR results in ref. [22]. The
contrast between samples are limited by the low statistics of
the fast relaxing polarization at low fields. To obtain better
contrast, either measurements need to be done at higher
fields to slow the relaxation rate, or different scans such as
temperature scans (T-scans) are needed as described below.

Figure 6: Field profile for three Nb SRF samples, normalized
to their unscreened field value (i.e. applied field at sample
surface considering the demagnetization factor) at the dead
layer, which is estimated at ∼15 nm.

.

Screening Profile via Temperature Scans
Relaxation rate are strongly enhanced as the temperature

is decreased across 𝑇𝑐. This is due to the field expulsion from
the bulk of the superconductor in the Meissner state which
results to an abrupt increase in the relaxation rate below 𝑇𝑐.
The stark contrast in the signal between measurements near
the surface (with minimal Meissner screening) and in the
bulk (with strong screening) can be clearly seen in Fig. 7,
despite the fact that the measurements were performed at
low applied field of only ∼20 mT. For the case of 20 keV
implantation energy, sputtered thin film Nb(300 nm)/Al2O3
is used as a control sample to illustrate the ideal trend for
T-scan in flat and highly-oriented Nb [23]. Measurements
of T-scans at different depth can therefore be used to charac-
terize the screening profile of different samples with better
resolution at low-field, as well as to self-consistently check
the field profile obtained from the energy scans.

In order to illustrate the mutual dependence of the two
independent variables in the measurement (temperature and
implantation energy), the fit model extracted from T-scan at
20 keV is extrapolated and plotted as a 2D colour map shown
in Fig. 8. The plot shows a clear contrast in colour, going
from the normal to the superconducting state, as well as from
shallow beam implantation in the dead layer with minimal
screening compared to deeper implantation in the bulk with
strong screening. Extensive amount of experimental shifts
on the new high-parallel-field spectrometer (described in
the next section) have been granted starting in August 2021
to map this parameter space for various heat-treated SRF
samples.

HIGH-PARALLEL-FIELD βNMR
SPECTROMETER

Upgrade Status
The high-parallel-field spectrometer consists of modi-

fied upstream existing beamline, extended new beamline
(∼1 m additional length), and high-field coil with fields up
to 200 mT. Details on the beam optics and beam diagnostics,
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Figure 7: Temperature scans of relaxation rate in Nb SRF
sample at 4 keV (top) and in Nb thin film sample at 20
keV (bottom) implantation energy. The vertical dash line
indicates the transition temperature at anapplied field of
20 mT (∼8.5 K). The sold lines are fits to a phenomenologi-
cal model describing the temperature dependence and the
screening in the Meissner state.

.

Figure 8: The depth-resolved T-scan plotted as 2D colour
map to better show the contrast between dead and screened
layer, and between normal (𝑇 > 𝑇𝑐) and Meissner state
(𝑇 < 𝑇𝑐).

as well as the installation of the beamline have been reported
on the previous proceeding of SRF2019 conference [24].
The schematics of the spectrometer is shown in Fig. 9 and

the current state of the installed spectrometer is shown in the
photo in Fig. 10. The high-parallel-field spectrometer is cur-
rently being prepared for its first experiment with radioactive
beam scheduled in August 2021.

Future Studies with High-Parallel-Field Spectrom-
eter

The high-parallel-field spectrometer allows exploration
of additional parameter space, i.e. field scans up to 200 mT,
in combination with nm depth resolution. Measurement at
higher fields can provide better distinction between differ-
ent SRF samples due to slower relaxation rate which corre-
sponds to higher statistics for each sample. This new high-
parallel-field capability also opens up pathway towards in-
teresting studies of SRF material response at high magnetic
field not available with other techniques. It is also of interest
for the wider condensed matter community to have a tool
to measure at high parallel magnetic field enabled by this
spectrometer.

The depth-resolved measurement at high-fields can be
used to correlate the impurity concentration profile (via heat
treatment or impurity doping) with the screening response
in a layer-by-layer manner. Therefore, each measurement
acts as a unique fingerprint for various recipes, in a similar
manner as the 𝑄0 vs. 𝐸𝑎𝑐𝑐 curves are used to catalogue
different performance of SRF cavities. The main advantage
is a detailed picture of why a certain treatment is giving
improvements by measuring the flux screening in the London
layer.

Continuing on previous field of first flux/vortex entry
studies done at TRIUMF using 𝜇SR [15,16,25], the high-
parallel-field spectrometer can provide crucial information
on whether the higher fields of first flux entry in coated Nb
samples are due to the additional S-S interface barrier as
predicted in ref. [5], or due to other mechanisms, e.g. prox-
imity effect as in ref. [25]. Depth resolved studies at high
magnetic field can be used to monitor whether flux penetra-
tion are hindered at the S-S interface (while allowing flux
penetration at the top dirty layer at ∼ 𝐻𝑐1), or the penetra-
tion occurs immediately once the field at sample surface
(𝐻surface) exceeds the superheating field (𝐻𝑠ℎ) regardless of
the S-S interface. Similar studies can also be performed in
S-I-S multilayer system to measure the layer-by-layer field
profile and barrier to flux penetration in direct comparison
with the theoretically predicted profile in ref. [6, 7].

CONCLUSION
The βNMR technique is a unique tool which can be used

to probe the local magnetic field in SRF samples in a depth-
resolved manner. Both the TRIUMF βNMR facility and
spectrometers have been described in detail, and the first
results in SRF samples using the low-parallel-field spec-
trometer have been presented. Temperature scans can be
combined with depth-scans can enhance the contrast be-
tween samples when limited at low magnetic field and lower
statistics. A high-parallel-field spectrometer has been built
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Figure 9: Cross-section view of the high-field spectrometer, the upstream beam optics, and low-parallel-field spectrometer.
Also shown in the center of beamline axis is the beam deflection due to high-parallel magnetic field (courtesy of B.
Matheson).

Figure 10: Latest photo of the installed high-parallel-field
spectrometer. Shown in the photo is the high-parallel-field
(200 mT) coil under the high-voltage platform used to decel-
erate the beam implantation energy at the sample. The blue
arrow indicates the direction of the beam.

in order to allow depth-resolved study of SRF samples close
to the 𝐻𝑠ℎ of Nb. This facility will be unique in the world.
The high-parallel-field spectrometer has been installed and
is currently being prepared for its first experiment in August
2021.
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